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SkeletogenesisR-spondin (Rspo) encodes a multi-domain protein that modulates the Wnt-signaling pathway. Two
distinct rspo2 zebraﬁsh mutants were generated by TALEN-mediated mutagenesis: a null mutant,
rspo2null, lacking all functional domains, and a hypomorphic mutant, rspo2tsp, lacking the two
N-terminal domains. Mutants were analyzed mainly for abnormalities in the skeletal system. Fin
ray skeletons were formed normally in the rspo2tsp mutants, but were absent from the rspo2null
mutants. Hypoplasia of the neural/hemal arches and ribs was observed in both mutants. Thus, the
two rspo2 mutants help to identify the functions of Rspo2 in skeletogenesis, as well as functional
differences among multiple Rspo2 domains.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction exhibiting anomalies related to limb and craniofacial skeletonMembers of the R-spondin (Rspo) family are secreted modula-
tors of the Wnt signaling pathway [1]. Recently, Rspos have been
reported to function as ligands of leucine-rich repeats-containing
G protein-coupled receptors (Lgr), which were previously consid-
ered as orphan receptors [2–4]. Rspos are multi-domain proteins
that are typically composed of the following ﬁve domains: a signal
peptide, two furin-like domains, a thrombospondin-type 1 repeat
domain, and a basic amino acid-rich domain [1,5,6]. The furin-like
domains and thrombospondin domain have been shown to acti-
vate Wnt signaling [4,7]. When Rspos bind to Lgrs via the furin-like
domains, the complex interacts with the Wnt receptor, Frizzled, to
activate the canonical Wnt/b-catenin pathway [8]. Conversely, the
thrombospondin-type 1 domain can bind to the transmembrane
proteoglycan Syndecan, which also interacts with Frizzled, but
which activates Wnt/PCP signaling instead [9]. This latter signaling
system also requires Lgrs [4].
The functions of the Rspo family are mostly unknown, but
the importance of Rspo2 in organ development has been
demonstrated. For example, Rspo2 null mice die shortly after birth,development, and to lung and kidney development [10–13]. Strong
expression of Rspo2 has been reported in limb buds, branchial
arches and vertebral bone [14], and the interaction of Rspo2 with
Wnt11 has been implicated in the maturation and mineralization
of osteoblasts [15]. RSPO2 has also been shown to increase
osteogenic activity in osteoblasts, and down-regulation of RSPO2
expression has been correlated with osteoarthritis [16]. These
ﬁndings suggest that Rspo2 is particularly important in skeletal
development.
Zebraﬁsh has been widely used as a model system to investigate
gene function during vertebrate development and organogenesis
[17]. Recent development of new genome editing techniques, such
as TALEN and CRISPR/Cas9 systems, enabled targeted gene modiﬁ-
cation in zebraﬁsh [18,19]. The primary advantages of these tech-
niques are the simplicity and the ﬂexibility of the technique: it can
be applied to almost any short stretch of genome [18,19]. Zebraﬁsh
rspo2 is not well characterized yet: its expression has been
reported in lateral line neuromasts and ganglia [20], and the devel-
opmental role has only been reported for the formation of lateral
line neuromasts [20]. In this study, we generated two different
rspo2 mutants using TALEN-mediated mutagenesis. One of them,
rspo2null, is a null allele that lacks all functional domains due to a
frame shift mutation in the signal peptide. The other mutant,
rspo2tsp, lacks the thrombospondin and basic domains, and is
expected to be a hypomorphic mutant retaining the two furin-like
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length Rspo2 is required for ossiﬁcation of the osteoblasts in the
vertebrae and ribs. The truncated Rspo2, which has only two
furin-like domains, is sufﬁcient for the development of ﬁn rays,
the teleost-speciﬁc external skeletal elements. These mutants
demonstrated the functional roles of Rspo2 in zebraﬁsh develop-
ment as well as the functional differences associated with each
domain.
2. Materials and methods
2.1. Fish maintenance
Zebraﬁsh were obtained from a local pet shop in Sendai, Japan
and maintained in the laboratory at Tohoku University. Rearing
and maintenance of the ﬁsh was performed under standard
conditions described in [21].
2.2. RT-PCR
mRNAwasextracted fromembryos at 0, 2, 4, 6, 8, 10 and12 hours
post-fertilization (hpf) using a QuickPrep Micro mRNA Puriﬁcation
Kit (GE Healthcare, England). cDNA was synthesized using
ReverTraAce reverse transcriptase (Toyobo, Japan). RT-PCRwasper-
formed using following primers: rspo2 forward, GATGATTGTG
AGGCCTGCTT; rspo2 reverse, AGTGTCGCATTGCCATCTTG; b-actin
forward, TCCTCCCTGGAGAAGAGCTA; b-actin reverse, GATCCAGA
CAGAGTATTTACGC.
2.3. In situ hybridization
A 1,014-bp rspo2 fragment was ampliﬁed from embryonic cDNA
using the primers GATGATTGTGAGGCCTGCTT and GGCCATGCTAG
TTGAACAAC and cloned into pGEM-T Easy Vector (Promega, WI,
USA). Whole mount in situ hybridization (WISH) was performed
as described [22].
2.4. TALEN design and synthesis
Genome information for zebraﬁsh rspo2 (ENSDARG0000























Fig. 1. Expression of rspo2 in zebraﬁsh embryos and early larvae. (A) RT-PCR analysis o
WISH. (B–G) Lateral view; (H) dorsal view of the tail; (I–L) dorsal view of head to pecto
pectoral ﬁns, respectively. fb, forebrain; hb, hindbrain; mb, midbrain; ov, optic vesicle;(http://ensembl.org). Two TALEN target sites were designed in
the zebraﬁsh rspo2 gene. One was in the signal peptide and the
other was in the N-terminal region of the thrombospondin domain
(Fig. 2A). To characterize the polymorphisms in our laboratory
strain, the corresponding regions were cloned and sequenced.
TALEN target sequences were designed using the ZiFiT targeter
(http://ziﬁt.partners.org/ZiFiT/) [23], and sequences containing
restriction site in the spacer region were selected (Fig. 2B). TALEN
constructs were assembled using Joung Lab REAL Assembly TALEN
Kit (Addgene, MA, USA) [24]. The FokI domain was replaced with
the heterodimeric FokI variant. After digestion with PmeI, TALEN
mRNA was synthesized using an Ambion mMESSAGE mMACHINE
T7 Ultra Kit (Applied Biosystems, CA, USA), and puriﬁed using an
Ambion MEGAclear Kit (Applied Biosystems). TALEN mRNA was
dissolved in a ﬁnal concentration of 400 ng/ll.
2.5. Generation of TALEN-targeted mutants
Approximately 500 pl of TALEN mRNA solution was injected
into the cytoplasm of 1-cell-stage embryos. Efﬁciency of the TALEN
was evaluated by PCR-RFLP (Restriction Fragment Length Polymor-
phism) using ﬁn clip DNA. Brieﬂy, PCR fragments including the
TALEN target sites were ampliﬁed using following primers for
rspo2null and rspo2tsp, respectively: rspo2null forward, AATGTG-
TGAGACAGCCGAGT, rspo2null reverse, CCGTAAATCAGTGTCCGTAC;
rspo2tsp forward, CAAGAACACCTGAGCAACTG, rspo2tsp reverse,
AGTGTCGCATTGCCATCTTG. PCR products were then digested with
HhaI or PpuM1, respectively. For rspo2null, although six different
mutations were isolated, all were in-frame mutations. We then
searched for frame-shift mutants by direct sequencing and identi-
ﬁed one mutant with an 8-bp deletion (Fig. 2B). For rspo2tsp, a
mutant with a 7-bp deletion was successfully identiﬁed by
PCR-RFLP and sequencing (Fig. 2C). Genotyping of rspo2null/null
was done by PCR using primers of which one was designed at
the site of deletion (GCGCTGATTGTGTTGAACTG); the other primer
was GAACCATGAGCTCTAGTACC.
2.6. Skeletal staining
Larvae were stained with alcian blue and alizarin red under
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zRspo2   MQFRLFSFALIVLNCVDYSHCQTQQSHRWRRNKRASYGAYPICKGCSVCSKDNGCMNCQPKLFLFLRRERMRQYGECLHACPSGYYGMRG  90
hRSPO2   MQFQLFSFVLIILNCVDYSHCQA---NRWRRSKRASYGTNPICKGCLSCSKDNGCLRCQPKLFFYLRREGMRQYGECLQSCPPGYYGVRG  87
***:****.**:**********:   .****.******: ******  *******:.******::**** ********::** ****:**
zRspo2   TEINMCSRCRIDDCEACFSKDFCTKCKLGFYLHKGRCFEKCPEGFAPLEDTMECGEGCEVGQWSEWGTCARRNKTCGFKWGLETRTRHIV 180
hRSPO2   PDMNRCSRCRIENCDSCFSRDFCIKCKSGFYSHKGQCFEECPEGFAPLDDTMVCVDGCEVGPWSEWGTCSRNNRTCGFKWGLETRTRQIV 177
::* ******::*::***:*** *** *** ***:***:********:*** * :***** *******:*.*:*************:**
zRspo2   KKPPKDTIPCPTIAESRRCKMAMRHCRKGGSGKGHRTKDQKKKSNKQRLRLRAQNQHSDHLASIRAGQ  248
hRSPO2   KKPAKDTIPCPTIAESRRCKMAMRHCPGG--TRTTKKKDKKNKKKKKKLLERAQEQHSVVLATDRSSQ  243
*** **********************  *   : :.**:*:*.:*::*  ***:***  **: *:.*
Thrombospondin domain
Thrombospondin domain Basic amino acid rich domain
Furin-like domain 2
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Fig. 2. Two TALEN target sites in the zebraﬁsh rspo2 gene for generating null-type and hypomorphic thrombospondin-domain truncation-type mutants. (A) Alignment of
zebraﬁsh Rspo2 and human RSPO2 and the positions of the two TALEN target sites (red arrows). Green, blue, orange and red bars indicate the signal peptide, furin-like domain
1 and 2, thrombospondin-type 1 repeat domain, and the basic amino acid-rich domain, respectively. Black arrowheads indicate the position of introns. (B) Nucleotide
sequences of recognition sites (blue) and spacer region (red) targeted by the two pairs of TALENs. Upper pair of sequences indicates the wild-type genome sequence and an
8 bp deletion (rspo2null) generated by the TALEN. Lower pair of sequences indicates the wild-type sequence and a 7 bp deletion (rspo2tsp). HhaI and PpuMI restriction sites are
indicated with lines. (C) Domain structure and predicted amino acid sequence for wild type and TALEN mutants. Gray shading indicates regions missing in the mutant
proteins. The 8 bp deletion causes a frame-shift and subsequent stop codon so that most of the Rspo2 structure is not produced. The 7 bp deletion leads to a truncated Rspo2
that lacks the thrombospondin and basic amino acid domains. (D) Genotyping by a combination of PCR and nucleotide sequencing to distinguish wild type rspo2wild/wild,
homozygous rspo2null/null and heterozygous rspo2null/wild. Underline indicates the position of the 8 bp deletion. (E) Genotyping by PCR-RFLP to distinguish rspo2wild/wild,
rspo2tsp/wild and rspo2tsp/tsp. The wild-type allele can be digested with PpuMI.
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3.1. R-spondin 2 expression
RT-PCR analysis revealed that rspo2 mRNA is maternally trans-
mitted in fertilized eggs at 0 hpf, and then is not detected until
zygotic expression begins at 8 hpf (75% epiboly) (Fig. 1A). Using
WISH, the expression of rspo2 was ﬁrst observed at the border offorebrain and midbrain at 12 hpf (6-somite stage) (Fig. 1B and C).
During the period 24–48 hpf (prim-6 to long pec), the expression
of rspo2was maintained in the dorsal midbrain and hindbrain with
intense expression at the boundary (Fig. 1D–F). At 16 hpf, median
ﬁn fold began to express rspo2, and the expression continued until
72 hpf (Fig. 1C–H). Pectoral ﬁn buds also expressed rspo2 at
24–48 hpf (Fig. 1D–F and I–K), but the expression was restricted
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Fig. 3. Development of median ﬁns is affected in the rspo2null/null mutants, but not in rspo2tsp/tsp mutants. External morphology and skeletons of wild type (A–G), rspo2null/null
(H–N), and rspo2tsp/tsp (O–U) larvae at 3 dpf, 14 dpf and juveniles. Lateral view and enlargement view of samples stained with alcian blue and alizarin red, except for live
juveniles (C, J and Q). Double-headed arrows indicate the height of the ﬁn fold. af, anal ﬁn; cf, caudal ﬁn; df, dorsal ﬁn; fr, ﬁn ray; hy, hypural; pcf, pectoral ﬁn; plf, pelvic ﬁn;
ra, radial; rb, rib; SL, standard length; vt, vertebrae.
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rspo2 at 24–48 hpf (Fig. 1D–F). At 48 hpf, rspo2 expression was
observed in the pharyngeal area (Fig. 1F).
3.2. TALEN mediated targeting of zebraﬁsh rspo2
We designed two TALEN target sites in zebraﬁsh rspo2 to pro-
duce mutant loci, rspo2null and rspo2tsp (Fig. 2A). Injection and
screening are described in Section 2.An 8-bp deletion mutation in the region encoding the signal
sequence yielded the rspo2null allele (Fig. 2B), since the deletion
led to a frame shift that produced a stop codon after 23 aa and
was expected to be a null-type mutation without any functional
domains (Fig. 2C). For genotyping, rspo2null/null was distinguished
from wild-type and rspo2null/wild by PCR, and the latter two were
separated by direct sequencing (Fig. 2D). A 7-bp deletion mutation
located near the start of region encoding the thrombospondin






























































































Fig. 4. Development of paired ﬁns is affected in the rspo2null/null mutants, but not in rspo2tsp/tsp mutants. External morphology and skeletons of wild type (A–G), rspo2null/null
(H–N), and rspo2tsp/tsp (O–U) larvae at 3 dpf, 14 dpf and juveniles. Ventral view and lateral view of live ﬁsh and samples stained with alcian blue and alizarin red. Note that
right pectoral ﬁn was affected more severely than the left pectoral ﬁn. co, coracoid; fd, ﬁn disk; fr, ﬁn ray; pb, pelvic bone; pcf, pectoral ﬁn; pr, proximal radial.
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the thrombospondin and basic domains, while retaining the signal
peptide and two furin-like domains (Fig. 2C). The genotype of
rspo2tsp mutants was distinguished by PCR-RFLP (Fig. 2E).
3.3. Median ﬁn anomaly observed in rspo2null/null but not in rspo2tsp/tsp
mutants
In zebraﬁsh, the median ﬁn fold develops during embryogenesis
(Fig. 3A–B). Then ﬁn support skeletons develop around the
metamorphosis stage. Endochondral ossiﬁcation forms radials in
the dorsal and anal ﬁns, and hypurals in the caudal ﬁn, andmembranous ossiﬁcation forms ﬁn rays in the ﬁn fold (Fig. 3C–G)
[26]. At 3 dpf, the embryonic median ﬁn fold developed in both
rspo2null/null and rspo2tsp/tsp ﬁsh (Fig. 3A, H and O); however, the
height of the ﬁn fold was reduced in rspo2null/null compared to wild
type or rspo2tsp/tsp ﬁsh (Fig. 3A, H and O). By 14 dpf, the median ﬁn
fold degenerated in rspo2null/null ﬁsh (Fig. 3B, I and P).
At metamorphosis, rspo2null/null ﬁsh exhibited obvious defects in
their external morphology and lacked dorsal and anal ﬁns (Fig. 3J).
Skeletal staining revealed that this mutant completely lacks ﬁn
rays in the dorsal ﬁn, and has only a few ﬁn rays in the anal
ﬁn (Fig. 3K–M). Despite the absence of ﬁn rays, radials developed



























































Vertebrae + dorsal/anal fins
Fig. 5. Development of neural and hemal arch, as well as gill opercle, is affected in both rspo2null/null and rspo2tsp/tsp mutants. Juveniles of wild type (A–C), rspo2null/null (D–F),
and rspo2tsp/tsp (G–I). Lateral view of samples stained with alcian blue and alizarin red (A, B, D, E, G and H), and ventral view of live samples (C, F and I). fr, ﬁn ray; g, gill; ha,
hemal arch; na, neural arch; pcf, pectoral ﬁn; ra, radial; rb, rib; vc, vertebral column.
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cases exhibited a minor defect—reduced ﬁn ray—in the ventral part
(Fig. 3N). However, the rspo2tsp/tsp ﬁsh did not show any defects in
ﬁn rays and radials of median ﬁns (Fig. 3R–U).
3.4. Paired ﬁn anomaly observed in rspo2null/null but not in rspo2tsp/tsp
mutants
In zebraﬁsh, the coracoid and ﬁn disk cartilage develop late in
embryogenesis [27]. They are endoskeletal components and sup-
port the pectoral ﬁn. At metamorphosis, the ﬁn disk cartilage
develops into the proximal radials and then ﬁn rays develop by
extending from the radials to form the pectoral ﬁn skeletal system
(Fig. 4E–G) [27,28]. At 3 dpf, the pectoral ﬁns were markedly
shorter in rspo2null/null ﬁsh than in wild type or rspo2tsp/tsp ﬁsh
(Fig. 4A, B, H, I, O and P). The phenotype was also evident at
14 dpf (Fig. 4C, D, J, K, Q and R). Note that the right pectoral ﬁn
was shorter than left one (N = 8) (Fig. 4J and K). Skeletal staining
showed that the coracoid and ﬁn disk were both present in
rspo2null/null ﬁsh, but the ﬁn disk was smaller than in wild-type
(Fig. 4D0 and K0).
At metamorphosis, pectoral ﬁn defects became more apparent
in rspo2null/null ﬁsh: the defect varied and the severest case exhib-
ited a loss of pectoral ﬁns (Fig. 4L); skeletal staining revealed that
the ﬁn rays did not form (Fig. 4M and M0). Coracoid and proximal
radials developed normally in rspo2null/null ﬁsh (Fig. 4M and M’).
Pectoral ﬁns of rspo2tsp/tsp ﬁsh appeared normal (Fig. 4S–U).
In zebraﬁsh, pelvic ﬁns form at metamorphosis, long after the
pectoral ﬁn development. Their skeletal elements consist of thepelvic bone, endoskeleton and ﬁn rays (Fig. 4G) [26]. While
rspo2null/null ﬁsh developed a pelvic bone and ﬁn rays in pelvic ﬁns,
they were less developed compared with wild type (Fig. 4N). As in
the pectoral ﬁns, rspo2tsp/tsp ﬁsh developed normal pelvic ﬁns
(Fig. 4U).
3.5. Vertebral and rib, and other anomalies, observed in both
rspo2null/null and rspo2tsp/tsp mutants
The vertebral system of zebraﬁsh is composed of three ele-
ments, the centra, the neural arches, and the hemal arches, all of
which develop by membranous ossiﬁcation at metamorphosis
(Fig. 5A and B) [29,30]. Both rspo2null/null and rspo2tsp/tsp ﬁsh exhib-
ited hypoplasia of neural/hemal arches and ribs (Fig. 5D, E, G and
H), with these irregularities being most apparent in the ribs
(Fig. 5E and H).
The gill opercle was shorter in juveniles of both rspo2null/null and
rspo2tsp/tsp ﬁsh, which led the gills to be directly exposed to the
exterior (Fig. 5C, F and I).
4. Discussion
We analyzed the functions of zebraﬁsh rspo2 during develop-
ment by characterizing the expression pattern during embryogene-
sis and by generating two rspo2mutant lines. The null-typemutant,
rspo2null, lacks all functional domains, and the hypomorphicmutant,
rspo2tsp, lacks the thrombospondin and basic domainswhile the sig-
nal peptide and two furin domains remained.
The Rspo2 expression sites reported for mouse embryo, such as
the dorsal brain, limb buds (pectoral ﬁn buds in zebraﬁsh) and
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embryos, suggesting a common function of Rspo2 in tissue differ-
entiation. Since the median ﬁn fold does not exist in mammalian
embryos, the high level of rspo2 expression and subsequent forma-
tion of skeletal components in this region is unique to ﬁsh. Mutant
analysis revealed that ﬁn ray development was affected in rspo2null
mutants in the dorsal and anal ﬁns, demonstrating that Rspo2 is
essential for the medial ﬁn skeletogenesis. Fin rays of the caudal
ﬁn were less affected in the rspo2null, which suggests compensation
by another member of the Rspo family that functions redundantly
in the caudal ﬁn; another possibility would be that ﬁn ray develop-
ment is regulated by independent mechanisms in the caudal ﬁn,
which differentiates earlier than dorsal and anal ﬁns [26,31].
Exoskeleton ﬁn rays are formed by membranous ossiﬁcation
[32,33]. Prior to ossiﬁcation, proximodistally oriented collagenous
ﬁbers, termed actinotrichi, are formed in the ﬁn fold [34]. Loss of
actinotrichia structural proteins called Actinodins (And1 and 2)
results in reduced or absent ﬁn fold in the median and pectoral
ﬁn [32], suggesting that the Rspo2 mediated signal is involved in
the regulation of the actinodins genes.
In Rspo2 null mice, all of the cartilaginous skeletal components
of the forelimb develop in the normal position, even though their
size is reduced and nails are absent [10]. The anomaly of the
pectoral endoskeleton in rspo2null zebraﬁsh coincides well with
the phenotype of the mutant mice. Despite the loss of exoskeleton
ﬁn rays in rspo2null mutants, endoskeleton of dorsal and anal ﬁns,
radials, developed normally. These results suggest that Rspo2 is
indispensable for the development of exoskeleton, but not essen-
tial for endoskeleton during teleost ﬁn development. It is possible
that regulation of the Wnt/b-catenin signaling pathway by Rspo2,
which was originally acquired for ﬁsh ﬁn formation, is reused in
nail development in tetrapods.
The rspo2tsp mutant is expected to produce a truncated form of
Rspo2 that lacks thrombospondin and basic domains. It has been
demonstrated in vitro that while Rspo2 is trapped on the cell sur-
face by the interaction between the thrombospondin domain and
Syndecan, the truncated form of Rspo2 is diffusible but retains
the ability to stimulate Wnt/b-Catenin signaling [35]. Interestingly,
such a spliced variant of Rspo2 does indeed exist in the NCBI
human protein database [7], suggesting that the truncated form
of Rspo2 functions in vivo as a diffusible variant. We demonstrated
that, unlike rspo2null mutants, ﬁn ray development was not affected
in rspo2tsp mutants; however, hypoplasia of the neural/hemal
arches and ribs was common to both mutants. Considering the
molecular nature of the truncated form, a possible interpretation
is that the truncated Rspo2 plays a role in ﬁn ray development as
a long-range diffusible agonist for Wnt/b-Catenin signaling,
whereas the full-length Rspo2 remains in the vicinity of secretory
cells and activates Wnt/PCP signaling, which is in turn involved in
ossiﬁcation of the neural/hemal arches and ribs. Another possibil-
ity is that the furin-like domains are sufﬁcient for the development
of paired and median ﬁns, while the full-length Rspo2 is indispens-
able for development of the gill opercle, the neural/hemal arches,
and the ribs. Thus, using two zebraﬁshmutants, this study revealed
the functional differences between the Rspo2 variants in vivo.
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